A novel and integrable current mirror structure insensitive to the common charge pumping phenomenon, typically occasioned by conducted electromagnetic interference (EMI), is presented.
Introduction:
The intrinsic nonlinear behaviour of active devices is a common source of EMI related problems in analogue integrated circuits, particularly when a disturbance source is generating signal components at frequencies outside the working band of the circuit itself [1] . If conducted EMI signals are able to access an analogue integrated circuit through outside paths, they will tend to prohibit its good working by, for instance, distorting the wanted signal(s) in the circuit. Even worse, these EMI induced amplitude variations may additionally cause severe DC shift errors on sensitive nodes, driving the circuit out of its operating region [2] . This phenomenon will be called charge pumping. In this Letter we investigate the aforementioned problem on an essential analogue circuit block, namely the current mirror used for biasing [3] , and present a new structure that is quasi-immune to charge pumping.
Charge pumping in classic current mirror: Consider a standard integrated unity gain current mirror, consisting of two identical NMOS transistors, the purpose of which is to provide a fixed DC bias current to a circuit following that mirror. An external DC current source determines the amount of input DC bias current (Fig. 1a) . Suppose that (in spite of the presence of a decoupling capacitor and=or other EMI preventing devices) an out of band EMI signal manages to couple on the track connecting I IN and the IC pin: the total current through the first branch of the current mirror can then be modelled as the sum of the wanted DC current (I IN ), and the unwanted EMI AC current (i emi ), which must be prevented to reach the circuit(s) following the current mirror. The presence of a capacitor between the mirror node and ground (Fig. 1b) adds a real pole at gm=C t [4] . At signal frequencies lower than the mirror pole frequency, the nonlinear output current can be approximated as [5] :
Below the pole frequency, all the current flows through M1. This gives [6]:
This equation shows that the DC level of the output current is lower than it should be, owing to the loading of the input node by capacitor C t . Because the interfering EMI signal is distorted by C t , it will 'pump' the DC level on the mirror node to a lower value than it should have. Hence its name: charge pumping. Consider placing a lowpass RC filter between the first and the second gate, with a cutoff frequency oc that lies significantly lower than the frequency of the EMI disturbance o, and with a large resistance so as not to load the input node (Fig. 1c) . This approach will filter EMI, but equally cause charge pumping on the gate of M2, as will be derived in the following lines. The interference i emi can be modelled as follows:
where m is the modulation index, i.e. the ratio between the disturbance amplitude and the bias current. Considering that R ) 1=gm1:
As long as m < 1, Taylor expansion can be used. This yields:
The extra terms in m are causing charge pumping, because a linear operation has been performed on a nonlinear signal. Fig. 2 shows the dramatic effect of charge pumping on the output current of the circuit depicted in Fig. 1c (designed in a standard CMOS 0.35m technology) over time. The bias current is 10 mA, and both transistors are equal in size (W=L ¼ 10m=1m; gm ¼ 135 ms). The EMI signal has a frequency of 1 MHz while its amplitude varies from 0 to 30 mA. The cutoff frequency of the lowpass filter lies at 10 kHz (R ¼ 50 kO and C ¼ 320 pF) to provide an arbitrary attenuation of À40 dB at 1 MHz. Improved current mirror structure immune to charge pumping: A current mirror structure countering charge pumping while filtering EMI is shown in Fig. 3 . Transistor M2 isolates the sensitive mirror node from the drain of M1, while M3 completes the DC biasing. The purpose of transistors M2 and M3 is to keep V gs1 at a fixed DC level using negative feedback. Capacitors C1 and C2 are not mandatory, but provide the means to integrate a second-order lowpass filter to reduce the EMI contribution in the output current. It is important to note that capacitor C2 does not cause charge pumping, since the current flowing in C2 comes directly from the DC supply via M2, without loading the input. Nevertheless, the finite transconductance of M2 leads to a small residual charge pumping term owing to the modulation of the current flowing through M1. However, this charge pumping term is much smaller than the one obtained previously, and this will now be derived. First, note that V gs1 ¼ V gs4 , so the current through M1 is equal to the output current I out . Performing a small signal analysis, the current transfer ratio is found to be equal to:
Considering the same sinusoidal disturbance, the drain current of M1 is now:
where A c (o) is the attenuation presented by the current mirror at the specified frequency o. For small disturbance amplitudes, this value is equal to jH(jo)j. Again using Taylor expansion (m=A c (o) < 1): Observe that charge pumping is strongly reduced owing to the presence of the A c (o) term. In case the frequency of the disturbance lies above the unity gain frequency of the transistors, it will still be filtered by C1, reducing the filter to a first order. The results of this study are shown in a comparative plot, featuring the same disturbance as in the previous example (Fig. 4) . The size of M1 is equal to the size of M4 (W1=L1 ¼ W4=L4 ¼ 10m=1m; gm1 ¼ gm4 ¼ 135 ms) and M2 is equal to M3 (W2=L2 ¼ W3=L3 ¼ 5m=1m; gm2 ¼ gm3 ¼ 62 ms). Capacitors C1 and C2 were selected according to a Butterworth filter synthesis (C1 ¼ 158 pF, C2 ¼ 140 pF). As a point of comparison, the same arbitrary attenuation of À40 dB at 1 MHz has been chosen corresponding to the previous example. Observe the quasi absence of charge pumping, even for high disturbing amplitudes. 
